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Abstract 

Evidence is mounting that natural supersymmetry at the weak scale is not 
realized in nature. On the other hand, string theory suggests that supersym- 
metry may be present at some energy scale, and gauge coupling unification 
implies that that energy scale may be relatively low. A puzzling question is 
then why nature would prefer a low, but not completely natural supersym- 
metry breaking scale. Here we offer one possible explanation, which simul- 
taneously addresses also the strong CP and /i problems. We introduce an 
axion, and suppose that the Peccei-Quinn and supersymmetry breaking scales 
are connected. If we further assume that R-parity is not conserved, then the 
axion is required to be dark matter, and the Peccei-Quinn/supersymmetry 
breaking scale is required to be at least ~ 10^^ GeV. Gravity mediation then 
yields scalar superpartners with masses of at least ~ 100 TeV. The gauginos 
are likely to obtain loop-factor suppressed masses through anomaly mediation 
and higgsino threshold corrections, and thus may be accessible at the LHC. 
The axion should be probed at phase II of the ADMX experiment, and signs 
of R-parity violation may be implied by the gaugino spectrum. 



1 Introduction 



The lack of any observation of superpartners or new flavor violating effects, as well 
as the observed Higgs mass of 125 GeV, suggest that if supersymmetry (SUSY) is 
realized in nature, the SUSY breaking scale is likely appreciably higher than the 
weak scale. On the other hand, string theory suggests that supersymmetry may be 
realized at some scale in nature, and gauge coupling unification, naturalness and 
the presence of dark matter all point towards a low supersymmetry breaking scale. 
In fact, if the scalar superpartner masses are perhaps 100-1000 TeV, with gauginos 
obtaining lighter 100-1000 GeV masses automatically by anomaly mediation, then 
the resulting picture is remarkably consistent: The heavy scalars appropriately raise 
the Higgs mass through loop corrections, suppress flavor changing neutral currents, 
and allow for the avoidance of collider constraints. In such a scenario, supersymmetry 
breaking may be communicated by supergravity effects alone, without the need for 
additional structure. 

In this picture- dubbed "Pure Gravity Mediation" (PGM) [Il[2l[3]- gauge coupling 
unification remains successful, naturalness is significantly improved compared to a 
case with a higher SUSY scale (or no SUSY at all), and the lightest superpartner- 
the wino- may still serve as dark matter. In spite of all of this, however, a crucial 
question nags: If nature prefers to solve the hierarchy problem and therefore has a 
relatively low SUSY breaking scale, then why doesn't it go all the way? There doesn't 
appear to be any fundamental physical constraint preventing the SUSY breaking 
scale from being lower, with a lighter dark matter particle and perfect naturalness. 
In a landscape picture, it is difficult to imagine why a region with a low, but not 
completely natural SUSY scale would be a likely place for us to find ourselves. A 
small number of other open questions remain in this scenario as well, such as the 
reason for a fi parameter at least as small as the SUSY breaking masses and the 
reason for the suppression of strong CP violation, amongst others. 

In this paper, we will show that the issues mentioned above- the /i problem, the 
strong CP problem, and the incomplete naturalness problem- may all be addressed 
simultaneously in a straightforward way. Our key assumptions will be as follows: 

• The strong CP problem is solved by a Peccei-Quinn (PQ) symmetry |3] under 
which the standard model quarks are charged, with an associated axion. 

• This same PQ symmetry forbids the presence of the n term, and PQ symmetry 
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breaking then leads to /i of an appropriate sizejj Here we assume that the PQ 
charges are such that the fi parameter is suppressed by one power of the Planck 
scale. 

• The breaking of PQ symmetry triggers supersymmetry breaking, so that the 
two scales are generated to be roughly equal. 

• R-parity is not conserved. 

Our assumptions follow from a simple train of logic which begins with the hy- 
pothesis that an axion solves the strong CP problem. In such a case, PQ symmetry 
(assumed to be carried by the standard model quarks) automatically forbids the 
fj, term, suggesting also a solution to the /i problem. We are then faced with the 
prospect of generating two new scales in nature- the PQ scale, and the SUSY scale. 
It is remarkable that the scale required for SUSY breaking in pure gravity media- 
tion models Asusy ~ V^s/T^ ~ VlOO TeV x lO^^ GeV ~ 10^^ Qgy happens to 
coincide with the PQ breaking scale typically needed for axionic cold dark matter 
[6]. It is the simplest possibility then, that the scales are related, and moreover, that 
R-parity conservation is therefore not necessary in order to obtain a dark matter 
candidate. 

Assuming that the fundamental theory violates R-parity, the PQ scale, and there- 
fore also the SUSY breaking scale must be at least of order 10^^ GeV in order to 
obtain a dark matter candidate, as seems required for structure formation [7]. We 
thus obtain a lower bound on the SUSY breaking scale of Asusy ^ 10^^ GeV, imply- 
ing gravity mediated gravitino and scalar masses > 100 TeV. While higher breaking 
scales are physically allowed, they are disfavored by a resulting increase in fine- 
tuning- both in the weak scale, and also in the the initial displacement angle of the 
axion field to avoid dark matter over-production. Note that if we took R-parity to 
be conserved, it would open up the possibility for LSP gaugino dark matter, with a 
lower SUSY breaking (and PQ) scale, and the mystery of an incompletely natural 
weak-scale would remain unsolved]^ We also note that our picture tends to result 
in a supersymmetry breaking spurion charged under PQ symmetry, which is thus 
unable to give masses to the gauginos directly, implying the anomaly mediated (plus 
higgsino threshold corrected) spectrum which we consider. 

^See also for example [5]. 

^Indeed, there doesn't appear to be any problem with, for example, mixed bino-wino thermal 
relic dark matter with mass of perhaps 5 — 10 GeV, and a few hundred GeV superpartner masses. 
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The outline of this paper is as follows: In section 121 we will briefly review some 
aspects of the pure gravity mediation scenario, before turning to discuss the details 
of our argument more thoroughly, as well as give an example of a simple model which 
can dynamically generate both the PQ and SUSY scales simultaneously. In section 
[31 we will discuss the phenomenology of our scenario, including the requirements 
and constraints on the assumed R-parity violation. Dark matter axions have a good 
chance to be observed in upcoming experiments, and the gaugino's may be observable 
at the LHC, or a future linear collider. The presence of R-parity violation may 
be suggested if the LSP is found to be a bino or gluino (since phenomenologically 
unacceptable contributions to the dark matter density would result without R-parity 
breaking). We also point out that an interesting signal of our scenario would be to 
find a wino LSP at a collider, but without a corresponding dark matter annihilation 
signal in cosmic rays. This discrepancy could be particularly acute for relatively 
light LSP masses of perhaps a few hundred GeV. We will summarize in section HI 



2 Bound on the SUSY Breaking Scale 

We will begin by reviewing the essential aspects of the pure gravity mediation sce- 
nario. After supersymmetry breaking by an F term vev Fsusy, the gravitino mass 
becomes 

\^SUSy\ /-.n 

with Mpi = 2.4 X 10^^ GeV. The scalar superpartners obtain masses at the same order. 
The fi parameter, and hence the scale of the higgsino masses, in general depends on 
the details of the solution to the fi problem, but has been taken in previous studies 
to be of order the gravitino mass as well. This will indeed be the case in the specific 
scenario that we consider here. The gauginos then obtain masses at 1-loop order 
through anomaly mediation and also through higgsino threshold corrections. After 
including renormalization group running effects as well, one obtains [3] 

mgiuino ^ 2.5 X (1 - 0.13 532 - 0.04 5susy) x IQ-^mg/a, (2) 
m„ino ^ 3.0 X (1 - 0.04 532 + 0.02 5susy) x 10-^ + L), (3) 
mbino ^ 9.6 X (1 + 0.01 5susy) x lO'^ (m3/2 + L/U), (4) 

where 5susy = log[MsusY/100 TeV], with Msusy the scalar superpartner mass scale, 
here of order 7713/2. ^32 denotes ^32 = log[m3/2/100 TeV] for the gluino, and ^32 = 
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log[(m3/2 + -L)/100TeV] for the wino. The terms proportional to m3/2 represent 
the anomaly mediated contributions, while those proportional to L are the higgsino 
threshold contributions, with L given by 

2 I 1 2 

L = /isin2/3 , „ In^. (5) 

rriA is the CP odd Higgs mass and tan /3 is the ratio of Higgs vevs as usual. As 
discussed in reference [1], if /i is of the order of the gravitino mass along with the 
other soft mass parameters, then L/ 771^/2 is generically of order 1. The wino mass 
therefore obtains comparable contributions from both anomaly mediated effects and 
those of the higgsino threshold corrections. Typically L/'m-^/2 is required to be less 
than about 3 in order for the wino to be the LSP and provide a dark matter candidate, 
but since we will not assume gaugino dark matter in our discussions, this condition 
will not be necessary here. 

We now assume the existence of a PQ symmetry under which the Higgs fields and 
quark fields of the minimal supersymmetric standard model (MSSM) are charged. 
We take the quark charges to be family universal for simplicity. In this case, an 
HjjH]:) superpotential term is necessarily forbidden by PQ symmetry, arising only 
after PQ symmetry breaking is communicated to the MSSM sector. We will choose 
PQ charges such that the yU. term is generated via a term in the superpotential 

W D -^Q^HuHd, (6) 

where breaks PQ via an expectation value (Q) = Apq/^/2. We assume that 
concurrent with PQ symmetry breaking, a superfield Z is triggered to obtain an 
F-term Fz, breaking supersymmetry. We define A.'^susy = Fz = ^^'pq- We take the 
SUSY/PQ breaking sector to not contain any small parameters which could lead to 
a significant hierarchy between Ksusy and Apg, so that A and a are of order ijf] 
The strong anomaly of the PQ symmetry leads to an interaction 

^(^0 + (7) 
8vr fa 

where a is the axion field, 9q is the strong CP parameter, G is the gluon field strength 
and fa = Here N = '^"^^g"" , where qh^ and q^^ are the Higgs PQ charges, 
and go is the charge of the field which breaks PQ symmetry. With the present 
example of the superpotential Qj, we have N = 2, since Q breaks U{1)pq. On the 



^Note that a fully strongly coupled theory would have A of order 47r. 
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other hand, for the dynamical breaking model to be discussed in section 12.11 
will actually form a meson field ~ ApQ$, with $ then obtaining a vev to break the 
symmetry. In that case we will have = 1 instead. 

QCD instantons generate a potential for a of the form 

K%CD (l - COS [Oo + 

solving the strong CP problem. This potential has a discrete symmetry under which 
a — )■ a + 2Tifai and since the full range for a is actually 2tiKpq this is a symmetry. 
This discrete symmetry results in unacceptable cosmological domain walls [S] unless 
the reheating temperature Tr is less than ~ Apg, and inflation leaves our Hubble 
volume with a fixed initial value for the axion a = Qifa [20] . 

Close to the time of the QCD phase transition, the axion field begins to oscillate 
around the minimum of its potential. This leads to a contribution to the energy 
density of the universe today with [B] 

If we assume that R-parity is broken, such that the dark matter must be composed 
of axions, then we obtain the requirement 

6/7 



ApQ ^ ■ 2 ,n m ^ ^ lO^^GeV, (10) 
Vsm [Qi/2)J 

so that, with Bj < vr, 

^susY > X lO^^CeV. (11) 
This gives a gravitino mass satisfying 

m3/2 > X 350 TeV. (12) 



2.1 Example Dynamical Symmetry Breaking Sector 

Here we will present one example of a symmetry breaking sector which could si- 
multaneously generate both the PQ and SUSY scales, and do so dynamically. Our 
example will come from the work of [9] . We will take Qi to be four chiral superfields 
in the fundamental representation of an SU{2)c gauge sjTiimetry. We will also take 
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Table 1: PQ and R symmetry charges of superfields in the example symmetry break- 
ing sector. The Qi are in the fundamental representation of a new confining SU{2)c 
gauge symmetry, with other fields being singlets under this symmetry. 

Zij to be an anti-symmetric 4x4 matrix of SU{2)c singlets. We assign PQ and R 
symmetry charges as in table [H We take a superpotential of the form 

W D XpkiQiQj, (13) 

With Afj anti-symmetric in both upper and lower indices, and zero whenever required 
by PQ symmetry. If the Xfj were zero, then after SU(2)c confinement at a scale A, 
one obtains a quantum-corrected modulii space of vacua parametrized by meson 
fields Vij ~ QiQj/A satisfying Fi{V) = A^, where Ff{V) is the Pfaffian oi V 
For sufficiently small Afj, the condition Pf(y) = A^ is maintained at leading order. 
At energies below the confinement scale one obtains an effective superpotential of 
the form 

W D AXpkiV^, + X{Fi{V) - A^), (14) 

where X is an auxiliary field introduced to enforce the Pf(V^) = A^ constraint. This 
constraint, however, cannot be satisfied simultaneously along with the vanishing of 
the F-terms of the Z^j, and thus supersymmetry is broken. PQ is also broken for 
generic values of the X^j by vevs of V12 and V34. Interestingly, due to the results of 
|llj . supersymmetry will continue to be broken even if we increase the Xfj to become 
of order 1, and for generic values we would anticipate PQ to also remain broken. The 
yU term arises due to W D -^QiQ2HuH£, ~ j^Vi2HuHfj. Note that a Bjj term is 

generated of a similar size due to the supergravity potential containing —3^2-, with 

pi 

W having a constant piece 771^/2^^^ to cancel the cosmological constant. 
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3 Phenomenology 



Before discussing the testability of our scenario, we must first examine the ahowed 
parameter space for R-parity violation within the theory. Indeed, we will find that 
serious constraints arise from requiring that contributions to neutrino masses be 
sufficiently small [I2] , that baryon asymmetry not be washed out in the early universe 
[13], and from requiring also that the LSP lifetime be less than about a second to 
preserve the successful predictions of big bang nucleosynthesis (BBN) [13] . 

In what follows, we will assume bilinear R-parity violation is dominant for sim- 
plicity, so that the most important R-parity violating term is W D fi'^LiHu, with 
i a generation index. This results if we assume that right handed neutrino fields 
Ni, and therefore also LiHu are neutral under [/(1)pq, as seems simplest to fit into 
a grand unified theory framework. In this context, other R-parity violating terms 
may be suppressed by additional powers of the PQ scale. As is well known in the 
literature, one may make a field redefinition of the Li and Hd so as to absorb the 
R-parity violating bilinear into the ordinary /i term. After doing so, the dominant 
R-parity violating terms in the superpotential become 



where the y's are the standard Yukawa coupling matrices, and = In what 

follows, we will discuss the constraints on the e^, which we will take for simplicity to 
have a typical value ~ e. 

The most important upper bounds come from requiring that the lepton num- 
ber violating operators do not lead to unacceptably large contributions to neutrino 
masses, and from requiring that the lepton asymmetry (and through sphaleron pro- 
cesses, also the baryon asymmetry) does not get washed out in the early universe 



The most important contribution to the neutrino masses comes from vacuum 
expectation values induced in the sneutrinos. The size of this contribution (which 
lies in a single direction in neutrino fiavor space) is given by 



(15) 



[121 [13]. 




(16) 



with 




(17) 
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where v = 174GeV, and Bifi[ and 'fnfjj^ are the coefficients of supersymmetry break- 
ing soft terms LiHjj and LiH'^ respectively, after the LiHjj superpotential terms 
have been rotated away. These soft terms may be expected to be of order ^m^i^. It 
follows that, for roughly universal SUSY scalar masses and gaugino masses of order 

~ '^gaugino; 

/ TeV \ / f \ 2 

Am,, ~ Ori) X 10"^eV \ i \ 



'^gaugino / ^10 

While this expression is rough, and depends on details of various order 1 numerical 
factors, we take as a rule of thumb that e < 10~^ is preferred in order to avoid fine 
tuning in the neutrino mass matrix. 

Avoiding washout of the lepton asymmetry requires that the lepton number vio- 
lating interactions are out of equilibrium in the early universe. This constraint was 
worked out in [13], and requires roughly 

We will next discuss the constraints arising from BBN [13]. From equations ([2])- 
(jlj), whether or not the LSP is the bino, wino, or gluino depends on both L and 
MsusY- The lifetimes of wino or bino LSPs are given by 

128tt^ MirjsY , /10-6\V 3 y f MsusyY fneVV 



5 

wino 



' [—) [t^) ilMw j [^J 



= ~ " [—) [^b) (tootw j i;;;^ 

The precise relic abundance of these particles depends in general on the reheating 
temperature, since gravitinos produced at high temperatures eventually decay into 
the LSP. The BBN constraints are satisfied for any LSP for lifetimes of less than 
about a tenth of a second. For winos of mass less than about a TeV, and reheating 
temperatures less than about 10® GeV, the larger annihilation cross section for winos, 
and associated smaller relic abundance should allow for lifetimes of up to a second. 
In any case, the lifetimes have significant uncertainty due to the imprecisely known 
sfermion masses, and fourth power dependence of the lifetimes on these masses. As 
a rule of thumb, we should have e > 10~^ in order to satisfy BBN constraints for a 
wino LSP. A bino LSP might seem disfavored, since e much more than 10~® leads to 
difficulties with neutrino masses, as discussed above. A bino LSP would thus seem to 
require a few favorable order 1 factors in the superpartner spectrum, some amount 
of flavor structure, or perhaps a rather large Msusy ^ 10^ TeV. 
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For a gluino LSP, the lifetime is given by 

1287r^ MlusY 1 /10''^V 3 V ^ Mg^gy V / ITeV 

(22) 

In this case however, the final relic abundance has great uncertainty [T^ [TB] . This is 
due to the fact that after the QCD phase transition, the gluinos form QCD bound 
states, with strong interaction processes now playing a role in their annihilation. It is 
interesting to note that, for a sufficiently suppressed relic abundance and e of perhaps 
10~^, gluino decays could conceivably play a role in addressing the cosmological 
lithium abundance problems [T7l[18]. We note, however, that a gluino LSP requires 
a somewhat large value of L, with L/m^i2 ^ 20. 

For the most likely case of a wino LSP, our upper and lower bounds on the 
thus require that these parameters be roughly of order 10"^. The precise size of 
the allowed window depends on the details of the superpartner spectrum, and also 
widens as Is^susy is increased. If I^susy is ~ 10^'^ GeV, for example, then the range 
for e becomes perhaps 10~^ — 10~^. ^susy of this order, slightly above our lower 
bound, seems favored by FCNC constraints on scalar superpartners, which in the 
absence of any fiavor structure prefer Msusy ^ 4000 TeV. Such values of Ksusy 
would however be unfortunate for the prospects of LHC searches, as we will discuss 
shortly. We also note that there is an interesting possible explanation for values of 
e in the neighborhood of 10~^ from environmental selection: Indeed, we have seen 
above that avoiding washout of the baryon asymmetry requires e to not be too much 
greater than this. If larger amounts of R-parity violation are more common within 
the fundamental theory/landscape, then it may be natural for us to find ourselves 
in a region with e not too far from this upper bound. 

We will now move on to address the testability of our model. The basic predic- 
tions are axionic dark matter, gauginos with order 1 — 10 TeV masses, a PQ scale 
of the order of the SUSY breaking scale, and R-parity violation. 

Axionic dark matter, with in roughly the range 6 x 10^^ — 6 x 10^^ GeV and 
DFSZ-like PQ charges [21] as in our model, is expected to be accessible by phase 
II of the ADMX microwave cavity search experiment [22]. It follows that we would 
anticipate seeing a signal there unless the initial displacement angle 0j is smaller than 
about vr/lO. This corresponds to the ability to probe PQ/SUSY breaking scales up 
to a little over 10^"^ GeV, or gravitino masses of perhaps tens of thousands of TeV. 

The R-parity violating LSP decays in our model have long lifetimes, and thus 
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the collider phenomenology is similar to that of the standard R-parity conserving 
pure gravity mediation model. A key difference, however, is that we may now allow 
for either a bino or gluino LSP, depending on the magnitude of L, since we do not 
require wino dark matter. Indeed, observing a gluino or bino LSP would be striking 
evidence in favor of our scenario, since R-parity violation would then be implied by 
cosmology: In the absence of LSP decay, a bino LSP would have yielded too much 
dark matter, whereas a gluino LSP would have contributed strongly interacting 
dark matter particles in conflict with experiment. The collider phenomenology then 
depends on the identity of the LSP. 

The situation for a wino LSP was discussed in [5]. There it was found that if 
the gluino is light enough to be sufficiently produced at the LHC, then it should be 
possible to see a signal in jets + missing energy. For the cases in which a charged 
wino is produced in the final state, it should be possible to see in addition a disap- 
pearing charged track signal. The former search, ignoring the charged tracks, and 
conducted at the 14 TeV LHC, is projected to be sensitive to gluino masses less than 
~ 2.4 TeV and wino masses less than ~ 1 TeV. The current limit has mgiumo < 1 
TeV and m„ino < 300 GeV. If the gluino is beyond the reach of the LHC, then it 
may still be possible to find a signal of a wino LSP through direct production, and 
looking for disappearing charged track events, although the precise sensitivity can- 
not be determined at this time due to the difficulty of estimating backgrounds. An 
interesting possible signature of our model could arise if a wino LSP were discov- 
ered, but without a corresponding signature in cosmic ray searches for dark matter. 
Indeed, the strictest present constraints on a wino LSP of m„ino ^ 300 GeV come 
from such indirect dark matter detection results [2]p and these would be avoided in 
our scenario due to the axion forming the dark matter. As such, wino masses down 
to about 100 GeV are still allowed in our scenario. 

If the bino is the LSP, then the same jets -|- missing energy searches as in the 
wino case will be applicable assuming that the gluino is within reach. Interestingly, 
it should be possible to distinguish the bino LSP case from the wino case by noting 
an absence of disappearing charged track events. This situation would then suggest 
that R-parity is violated, as mentioned above. 

Although perhaps disfavored by the large values of L required {L/m^i2 > 20), the 



*For a more recent analysis obtaining a more stringent constraint of perhaps mwino 500 GcV, 
see |23] . This resuh depends on some background subtractions from the galactic center, and is 
perhaps not as completely robust as the result of [5]. 
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most phenomenologically interesting case would certainly be that of a gluino LSP. 
In this case after production, the gluino hadronizes, and the signatures depend on 
the spectroscopy of the resulting hadrons (most importantly on the ratio of charged 
to neutral gluino-hadrons) . We will not review all of the relevant phenomenology 
here, but signatures may include monojets, detection of anomalously heavy charged 
particles, or stopped late decaying gluinos [21]. The range accessible to the LHC 
may be up to about 2.4 TeV, with current limits excluding masses up to about 1 
TeV. Finding evidence of a gluino LSP would point towards R-parity violation, even 
more-so if one could observe decays of stopped gluinos §. 



4 Summary 

In this paper we have considered a simple scenario with a somewhat high supersym- 
metry parter scale > 100 TeV, and attempted to explain why the weak scale might 
be somewhat natural, but not completely so. 

We have taken the strong CP problem as a starting point, and added an axion to 
the theory. In addition, we have hypothesized that the PQ and SUSY breaking scales 
might be connected, and therefore of a similar size. Together with an assumption of 
R-parity violation, the axion is required to compose dark matter and seed structure 
formation. This leads to a constraint A^^^y ~ Apg > 10^^ GeV, with a superpartner 
mass scale of > 100 TeV. The theory will be tested at upcoming experiments: In 
particular, we would expect to see a positive signal at the ADMX dark matter axion 
search experiment. In addition, the gauginos have a good chance to be accessible at 
the LHC, due to their loop-factor suppressed masses. A gluino or bino LSP would 
signal that R-parity is violated, in order to avoid phenomenological constraints. A 
wino LSP, if sufficiently light, could also point towards R-parity violation, since we 
predict an absence of a dark matter-annihilation cosmic ray signature. In the case 
of a gluino LSP, it is even possible that decays of stopped gluino-hadrons could be 
directly observable at the LHC. 

We gave one example of a dynamical symmetry breaking sector which can relate 
the PQ and SUSY scales. In this model, there is actually a free parameter which 
sets the ratio of Apg to Asusy, and which we took to be of order 1 by assumption. 

^Long lived non-LSP gluinos, as in the split SUSY scenario with very heavy scalars could 
hopefully be distinguished by a lack of events involving direct LSP wino production signals. In our 
case with a gluino LSP, such directly produced winos would quickly decay. 



11 



It would be interesting to try to construct a model with no such free parameters, 
which could set the ratio of these two scales in a completely dynamical way. We will 
leave this question open for future work. 

Finally, there is perhaps a general aspect of our scenario which deserves further 
emphasis: The presently available information about the weak scale- an apparently 
elementary Higgs boson, no signals yet of new physics, and the success of supersym- 
metric gauge coupling unification- suggests that supersymmetry may be realized in 
nature in a way which requires significant fine tuning, but yet which does address 
the bulk of the hierarchy problem. This presents a puzzle: Why might nature prefer 
an almost natural- but not completely natural- weak scale? In this paper we have 
shown that this puzzle might be of practical importance in suggesting directions for 
phenomenology. Our attempted explanation makes concrete predictions, and it is 
conceivable that there might be other solutions with their own. 
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